Introduction: When performing meniscus transplantation, allograft size must be carefully matched to the host knee anatomy. The radiographic method devised by Pollard et al. is the current reference standard for meniscus size matching. The primary objective of this study was to compare the accuracy of radiographic measurement according to Pollard, direct anatomic measurement, and photographic measurement. Hypothesis: Anatomic and photographic allograft size measurement is as reliable as radiographic host-knee sizing according to Pollard et al.
Introduction
Transplantation of a banked meniscus allograft is among the treatment options for young patients with knee pain after meniscectomy [1] . Accurate size matching of the meniscus allograft to the native meniscus affects the outcome to the same extent as the surgical technique. Garret and Steensen [2, 3] and Johnson et al. [4, 5] found that differences of only a few millimetres were associated with poorer biomechanical outcomes. According to Dienst et al. [6] , allograft size must be matched to within 10% of the size of the native meniscus.
Few studies have evaluated the reliability of meniscus sizing methods. Pollard et al. [7] described a radiographic method for measuring the host meniscus. On the anteroposterior radiograph, meniscus width is measured as the distance between the peak of the tibial eminence and the rim of the tibial plateau. On the lateral radiograph, length of the medial meniscus and lateral meniscus is 80% and 70%, respectively, of the sagittal length of the tibial plateau. A numerical correction factor of ±2.8-3.8 mm is used depending on the meniscus dimension under consideration, to take into account the interindividual variations in the case-series studied by Pollard et al. Stone et al. [8] looked for correlations between meniscus size and patient gender, height, and weight. Other groups such as Shaffer et al. [9] and McDermott and Amis [10] used the contralateral knee as a reference, and Prodromos et al. [11] used magnetic resonance imaging (MRI) of the contralateral meniscus. However, the radiographic method devised by Pollard et al. remains the reference standard [12, 13] .
During allograft harvesting in clinical practice, the meniscus is measured then placed in contact with a graduated ruler and photographed from the top. In theory, this method provides reliable information on meniscus size [14] . However, to our knowledge, no studies have validated this allograft sizing method.
The primary objective of this experimental study on cadaver knees was to compare the anatomic and photographic methods of allograft sizing with Pollard's radiographic method of host knee sizing. The secondary objectives were to assess the measurement error associated with each of the three methods and to check the formulas developed by Pollard et al. Our working hypothesis was that anatomic and photographic allograft sizing was as reliable as radiographic host-knee sizing according to Pollard et al.
Materials and methods

Knees
We studied 10 fresh cadaver knees (five from each side) free of osteoarthritis and with intact cruciate ligaments and menisci. The 10 knees were from 10 different individuals. No information was available about the gender, height, or weight of the 10 individuals.
Each of the 10 knees was prepared in the same way. After suprameniscal disarticulation, the tibial plateaus and menisci were dissected. The joint capsule, anterior intermeniscal ligament, meniscofemoral ligaments, and cruciate ligaments were excised. The meniscal horns were spared. The tibia was cut horizontally 15 mm distal to the joint space. The anatomic specimen thus obtained was similar to the hemi-plateaus available from tissue banks and used for meniscus transplantation (Fig. 1) .
Meniscus sizing protocols
Protocol 1: direct measurement of the anatomic specimen Metal pins measuring 40 mm in length were placed into predefined, fixed, reproducible anatomic landmarks (Fig. 2) . Then, callipers were used to measure the coronal and sagittal dimensions of the medial and lateral plateaus and menisci.
Protocol 2: photographic measurements
A top-view photograph of the tibial plateaus in contact with a graduated ruler was obtained using a digital camera in macro mode with an image resolution of five million pixels. The lens was positioned 10 cm above the top of the specimen. Focusing was the same for all photographs (Fig. 3) . Photoshop ® (Adobe, San Jose, CA, USA) software was used to obtain 1:1 image size reproduction. We use this protocol in our clinical practice when harvesting allografts. The specimen and graduated ruler were located in two different planes. We therefore measured the magnitude of the resulting measurement bias (Fig. 4) . The distance between the meniscus and the ruler led to magnification of the photographic measurements by a factor of 1.15. We corrected for this measurement bias when analysing our data in order to obtain the values that would have been measured, had the ruler been in the same plane as the menisci. 
Figure 6
Anteroposterior radiograph of a dissected tibial plateau after insertion of pins.
ware was used to obtain the measurements, which were adjusted for scale differences. Scale adjustment accuracy was assessed by measuring the lengths of multiple needles implanted into the tibial plateaus. These needles were used to measure the dimensions of the tibial plateaus and menisci. In addition, we used the tibial plateau size values to estimate meniscus size using the method described by Pollard et al.
Statistical analysis
The non-parametric Friedman test [15] was used to compare size measurements. Meniscus size measurements obtained from radiographs using the needle method were excluded from the analysis, as this method is not suitable for use in everyday practice. The Wilcoxon test [16] with Bonferroni's correction was chosen for pairwise comparisons of measurement protocols. Measurement error with each method was computed using the absolute value of the percentage difference between the values obtained from radiographs or photographs and those obtained from the anatomic specimens after dissection. Oversizing was evaluated by determining the percentage of cases having a negative difference between the direct anatomic measurement and the radiographic or photographic measurement. Similarly, undersizing was evaluated as the percentage of cases in which this difference was positive.
The IBM SPSS ® software package (IBM, Armonk, NY, USA) was used for the statistical analysis. Values of P smaller than 0.05 were considered significant.
Results
Primary objective
Direct anatomic measurements of the lengths and widths of the medial and lateral menisci were not significantly different from the radiographic measurements but differed significantly from the photographic measurements without correction for the above-described magnification factor (P < 0.05). After correction, the photographic measurements were not significantly different from the direct anatomic or radiographic measurements.
Secondary objectives
When direct anatomic measurement was used as the reference standard, measurement error with the radiographic method was 7.9% overall, 7.2% for the medial meniscus, and 8.7% for the lateral meniscus. With the uncorrected photographic method, measurement error was 24.1% overall, 20.1% for the medial meniscus, and 28.2% for the lateral meniscus (Table 1) . After correction, overall measurement error decreased to 11.5% for all measurements and both menisci (2.7 mm) ( Table 2 ). With both methods and both menisci, mean measurement error was larger for meniscus length than for meniscus width.
Pollard's method overestimated meniscus size in 35% of cases (14 of 40 measurements). Mean measurement errors of up to 13.3% were found for lateral meniscus length. In contrast, the estimated widths of the lateral and medial menisci were acceptably accurate.
The photographic method before and after correction systematically overestimated meniscus length and width.
Intra-observer measurement variability was not evaluated.
Discussion
Among factors associated with good outcomes, accurate matching of meniscus allograft size to the recipient site is crucial [2] [3] [4] . Haut et al. emphasised the importance of close matching of the length and width of the menisci, most notably of the medial meniscus [17, 18] . An oversized meniscal allograft may result in increased loads on the joint cartilage, while an undersized allograft may be torn by excessive shear forces. According to a cadaver study by Dienst et al. [6] , meniscal size matching within 10% may produce contact biomechanics similar to those of the healthy knee.
Limitations of the radiographic method devised by Pollard et al.
Pollard's method remains the reference standard. McDermott et al. [19] found that Pollard's method reliably predicted meniscal size, but they failed to provide a detailed description of the method used to measure meniscal length [10] . Meniscal length is among the critical issues raised by Pollard's method. Prodromos et al. [11] reported limited accuracy of radiographic landmark determination on the lateral view and estimated that Pollard's method, being based on mean knee size values, was intrinsically inaccurate for predicting extreme sizes.
In our study, the performance of Pollard's method was acceptable. Thus, the values obtained using Pollard's method were not significantly different from those obtained by direct anatomic measurement. Meniscus size estimation was fairly reliable, with less than 10% of overall measurement error (7.9%). Pollard's method is inexpensive, non-invasive, and rapid. However, we agree with Prodromos et al. about the limited reliability of posterior tibial plateau identification on the lateral views. Although using needles to mark the tibial plateau rims allowed us to determine the optimal degree of specimen rotation for the lateral AP: anteroposterior; Pol: as described by Pollard et al. [7] ; OM: overall mean; OSD: overall standard deviation views, size estimation remained better on the anteroposterior views (4.3%) than on the lateral views, where the measurement error exceeded 10% (11.45%).
Limitations of the photographic method
The direct anatomic measurements differed significantly from the photographic measurements (P < 0.05). The 20.1% overall measurement error far exceeded the tolerable cutoff of 10%. The high measurement error was ascribable both to the difficulty in achieving proper lens position relative to the tibial plateau, most notably along the anteroposterior axis; and to the position of the flat ruler directly on the dissection table. Since the anatomic specimen was 15 mm thick, the ruler was below the plane of the menisci. This ruler position was chosen deliberately because it is the position we use in clinical practice when harvesting meniscus allografts.
Thus, the photographic method as used in our study seems ill suited to meniscus size estimation. Correcting the photographic values for the bias due to the plane difference between the menisci and ruler substantially decreased the measurement error, to a value only slightly greater than the 10% cut-off. Therefore, during allograft harvesting in clinical practice the ruler should be placed in the plane of the menisci and not in the plane of the tibial plateaus.
Limitations of our study
The small sample size is the first limitation of our study. Nevertheless, statistically significant differences (P < 0.05) were detected between the uncorrected photographic measurements and the anatomic and radiographic measurements. Another limitation relates to the experimental conditions: the radiographs were taken after dissection of the tibial plateaus and menisci, i.e., in the absence of weight bearing.
Given the absence of loads through the menisci, a decrease in the overall size overestimation described with the radiographic method would not have been surprising. No such decrease was observed, however: size was overestimated in about 80% of cases, a proportion similar to that reported previously by Shaffer et al. (77%) [9] . Finally, in our study all the specimens were dissected by the same person, who also performed all the measurements. Therefore, inter-observer variability could not be evaluated.
Our results suggest that Pollard's radiographic measurement remains the best method. Methods based on computed tomography (CT) or MRI have been described. However, CT involves a greater radiation dose to the patient and MRI tends to underestimate meniscus size compared to radiographs [18, 20] . Use of the contralateral knee as a reference has been evaluated, with conflicting results [9, 11] . Thus, several studies found differences between the two knees of the same individuals [4, 21] . We have noted that many published clinical studies of meniscus allografts failed to provide a detailed description of the matching method used, a fact that may indicate difficulty in choosing the most reliable method. This point would constitute a major obstacle to a meta-analysis designed to identify the best matching method.
Conclusion
The photographic method is reliable in clinical practice only when the correction described herein is applied. Pollard's method remains the reference standard for assessing the recipient site but is difficult to implement during allograft harvesting. Direct measurement of the length and width of each meniscus on the anatomic specimen is the best method for evaluating allograft size during harvesting (i.e., prior to allograft conditioning).
